Abstract. Chromogenic materials are able to change their optical properties in response to external stimuli such as temperature (in thermochromic materials) and electrical charge insertion (in electrochromic materials). Below we review some recent advances for these types of materials. Specifically we first discuss the limitations of thermochromic VO 2 films for energy efficient fenestration and show from calculations that nanocomposites containing VO 2 can have superior properties and display high luminous transmittance and large temperature-dependent solar transmittance modulation. Even better results may be found for nanoparticles of VO 2 :Mg. In the second part of the paper we survey some recent progress for electrochromic devices and show that W oxide films have increased coloration efficiency when some Ni oxide is added. We also present initial results for flexible electrochromic foils produced by roll-to-roll coating and continuous lamination.
Introduction
Worldwide some 30 to 40 % of the primary energy is used in buildings according to a recent study by the United Nations Development Programme (UNDP) [1] . Most of this energy is for heating, cooling, lighting, ventilation and appliances. The percentage for the U.S.A., to take an example, is 39 % [2] . The relative amount of electricity used in buildings is even larger and can reach 70 % for the most industrialized countries. This energy typically comes from fossil fuel, and so it is associated with CO 2 emissions.
The energy savings potential is huge for buildings, and it is largely untapped as a consequence of entrenched and poor building practices. Thus a recent and influential study on how the U.S.A. can reduce global warming and achieve energy security states that [2] 
"… a large fraction of the energy delivered to buildings is wasted because of inefficient building technologies. How much of this energy can ultimately be saved is an open questionas much as 70 percent by the year 2030 and perhaps more than 90 percent in the long run if there were pressing reasons to go that far. These energy savings can be made not by reducing the standard of living, but by utilizing more efficient technologies to provide the same, or higher, levels of comfort and convenience we have to come to enjoy and appreciate".
It is important to note the emphasis on the fact that energy savings must be accomplished in conjunction with keeping or increasing the level of human comfort and convenience. In fact the possibility to increase human comfort in buildings-for example by diminishing the use of noisy air conditioning or disturbing glare from windows-can serve as powerful driving forces for the introduction of new energy efficient building technology.
The sense of indoor comfort is a multifaceted and complex issue embracing air quality, temperature, noise pollution, lighting, and the possibility of having visual indoors-outdoors contact. One important aspect on the indoor environment is that-in the industrialized countries-people tend to spend most of their time inside buildings and vehicles; recent evaluations have shown that the fraction of this "indoors" time is often as large as 80 to 90 % [3] . This paper, which is an adaptation of a recent conference report [4] , is devoted to one important aspect of energy savings in buildings, viz. energy efficient fenestration employing chromogenic materials, i.e., using windows with transmittance levels that can be changed in response to external stimuli [5, 6] . Specifically we report on recent progress in thermochromic materials which allow the solar energy inflow to be diminished as the temperature goes above a comfort level, and electrochromic materials which make it possible to regulate the inflow of visible light and solar energy using electricity. Both types of chromogenic materials-used individually or in conjunction-make it possible to decrease the demand for air cooling. This demand can be very high, and it accounts for ~14 % of the energy used in buildings in the U.S.A. [2] .
Thermochromics
General characteristics. Vanadium dioxide has thermochromic properties and has been discussed for temperature-dependent modulation of the solar energy transmittance in windows for many years [7] . VO 2 has a reversible structural transformation at a "critical" temperature τ c , and it is monoclinic, semiconducting and rather infrared transparent for temperatures τ < τ c while it is tetragonal, metallic and infrared reflecting at τ > τ c . The thermochromic switching is highly reversible in thin films. It is not practical to use VO 2 films directly on windows, though, for three reasons as elaborated next.
Firstly, τ c is ~68 °C, at least in bulk samples, which clearly is too high for buildings-related applications. However doping with transition metal ions having a valency of 6+ and 5+ can decrease τ c . The most extensively studied dopant is W 6+ , which can bring τ c to room temperature without significantly deteriorating the thermochromism [7] ; the required amount of tungsten depends on the degree of crystalline order in the VO 2 . The addition of some W 6+ does not have any large effect on the optical properties [8] .
A second problem associated with VO 2 is that, in order to display well developed thermochromism, films have to be thick enough that the luminous transmittance T lum is only around 50 % or less, and this is too low for most applications in buildings [7] . Antireflection with highdielectric coatings can improve the transmittance to some extent as was shown recently for fivelayer coatings consisting of TiO 2 /VO 2 /TiO 2 /VO 2 /TiO 2 [9] .
A third problem with VO 2 films is that the thermochromic reflectance modulation is strong primarily in the near-infrared part of the solar irradiance spectrum which corresponds to wavelengths for which the solar radiation is rather weak. Hence the modulation of the solar energy transmittance T sol between a low-temperature and a high-temperature state is undesirably small; typically it is ~5 % for a VO 2 film, but it can be as large as 10 to 15 % in a well-designed TiO 2 /VO 2 /TiO 2 /VO 2 /TiO 2 multilayer structure [9] . These three limitations of VO 2 have led us to a new study of its potential with regard to windows, as discussed below.
Optical properties of VO 2 films. VO 2 films were made by reactive dc magnetron sputtering onto substrates kept as ~450 °C [9] . Spectral transmittance T and reflectance R were recorded at τ < τ c
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and τ > τ c for films whose thickness t typically was 0.05 µm. The complex spectral dielectric function, denotes ε f (λ), was then evaluated by the use of standard formulas of thin film optics. Finally T(λ,τ,t) and R(λ,τ,t) were calculated from ε f (λ).
Integrated values on the luminous and solar transmittance are of interest for assessing visual and energy-related performance of thermochromic windows. These data were derived from
where φ lum is the spectral sensitivity of the light-adapted eye [10] and φ sol is the solar irradiance spectrum for air mass 1.5 (corresponding to the sun standing 37° above the horizon [11] ). Figure 1 shows, as expected, that if one requires a noticeable solar energy modulation then T lum is limited to ~40 %; furthermore the modulation of T sol does not exceed ~10 %.
Fig. 1. Computed luminous (upper panel) and solar (lower panel) transmittance versus thickness of VO 2 films in semiconducting (low-temperature) and metallic (high-temperature) states.
Optical properties of VO 2 nanoparticle composites. We have very recently shown by computation that materials with VO 2 nanoparticles dispersed in a transparent matrix can increase T lum as well as the modulation of T sol over what is possible in VO 2 films. Hence "nanothermochromics" appears to give very significant advantages when compared to traditional thin film thermochromics [12] .
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The nanoparticle composites can be represented as "effective media" with properties intermediate between those of VO 2 and of the embedding matrix. The "effective" dielectric function ε MG can be written [6] 
where ε m refers to the matrix and f is the "filling factor", i.e., the volume fraction occupied by the particles. We make use here of the same terminology as in earlier papers [13] . The calculations presented below used f = 0.01 and a thickness of 5 µm (corresponding to a VO 2 mass thickness of 0.05 µm).
Equation (2) is appropriate for the Maxwell-Garnett (MG) theory [14] , which applies to a topology with nanoparticles dispersed in a continuous matrix [15] . There are numerous other effective medium formulations as well, but they all coincide in the dilute limit so Eq. (2) can be applied here without any loss of generality.
Equation (2) contains a parameter α which can be written
Here ε p is the dielectric function of the particles and the L denotes the relevant depolarization factor. Spheres have L = ⅓. A random distribution of ellipsoidal particles can be represented by a summation of α over three components pertaining to the symmetry axes [13] . The calculations to be discussed shortly considered prolate and oblate spheroids with depolarization factors obeying ΣL i = 1; the L i s are related to the major (a) and minor (c) axes of the spheroidal particles by known formulas [16] .
Calculations of T lum (τ,t) and T sol (τ,t) were performed in the same way as before. We set ε p = ε f and ε m = 2.25, where the latter value is appropriate for a matrix of glass or polymer, and assumed randomly oriented spheroids. It is justified to use ε f without any particle size dependence in the effective medium calculation since free electrons in the high-temperature phase of VO 2 have very short mean free paths [12, 17] .
The upper panel in Fig. 3 describes the experimental configuration and introduces an aspect ratio m = a/c for prolate spheroids (m = c/a for oblate spheroids). These data can be directly compared with those for a film with a thickness of 0.05 µm in Fig. 1 . Such a comparison makes it obvious that the nanoparticle composites have much higher values of T lum and modulation spans for T sol than films. This result is a striking illustration of the superior properties of the nanotermochromic composites. It was found that spherical particles give the highest transmittance.
There are numerous practical techniques for making VO 2 nanoparticles. Thus more or less symmetrical particles have been produced via wet chemical techniques, molten salt synthesis, confined-space combustion, etc. There are also many ways to make nanorods (prolate spheroids with large aspect ratio) and nanosheets (oblate spheroids with high aspect ratio) by wet chemistry, gas phase synthesis, etc. A metastable form denoted VO 2 (B) has been prepared by chemical routes and has been widely studied for applications in electrical batteries; this material can be converted to thermochromic VO 2 . Furthermore VO 2 can be made by oxidation of metallic vanadium and by reduction of V 2 O 5 . The literature on nanoparticles based on VO 2 was surveyed recently [12] .
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Fig.2. Structural model for a composite of randomly oriented prolate nanoparticles (upper panel) with dielectric function ε p embedded in a medium with dielectric function ε m . Electromagnetic radiation with photon energy ω is indicated. Also shown are computed luminous (middle panel) and solar (lower panel) transmittance versus aspect ratio for VO 2 -containing composites in semiconducting (lo-temperature) and metallic (high-temperature) states. Prolate and oblate spheroids are characterized by m > 1 and m < 1, respectively.
Increased luminous transmittance by Mg doping of VO 2 . VO 2 has band-to-band absorption for λ < 0.6 µm which produces an unwanted decrease of, in particular, T lum . This feature of VO 2 has been an obstacle for windows related applications, but recent work of ours showed that magnesium doping to make VO 2 :Mg films led to a widening the band gap and hence an enhancement of T lum [18] . These features are illustrated in Fig. 3 , which reports data measured on 0.05-µm-thick films of VO 2 and Mg 0.072 V 0.928 O 2 . Specifically, T lum was significantly enhanced-by more than 10 %-as the Mg content was increased to the level indicated in Fig. 3 . There was an accompanying drop of τ c by ~20 °C, which is advantageous for window applications. Nanoparticle composites based on VO 2 :Mg have not yet been investigated. However, it is obvious that the effect of Mg doping will be both significant and beneficial.
Electrochromics
General characteristics. The standard electrochromic (EC) device has five superimposed layers on a transparent substrate-normally of glass or a polymer such as polyester foil-or positioned between two such substrates in a laminate structure [19, 20] . There is a basic similarity to an electrical battery, and EC devices share many of their characteristic features with those of batteries. The outermost layers in the five-layer stack are transparent electrical conductors (typically of In 2 O 3 :Sn, i.e., Indium Tin Oxide denoted ITO) [7, 21] . One of these layers is coated with an EC film (typically based on WO 3 ) and the other is coated with an ion storage film with or without EC properties (typically based on NiO); both of these layers are nanoporous and able to sustain mixed conduction of ions and electrons. A transparent ion conducting layer (electrolyte) takes the middle position in the device and joins the EC and ion storage films.
When a dc voltage of a few volts is applied to the transparent electrodes, charge is exchanged between the EC and ion storage films, and this leads to a change of the transparency of the device. A voltage with opposite polarity-or, with suitable materials, short circuiting-makes the device regain its original transparency. The charge insertion into the EC film(s) is balanced by electron transport from the transparent conductor(s), and these electrons take part in intervalency transitions leading to optical absorption [22] . The devices display open circuit memory, which is of obvious importance for an energy saving device, and they do not show any visible haze irrespectively of the absorption.
Electrochromism in Ni-containing W oxide films. There are numerous important materials issues for EC devices. They regard the transparent electrodes, the electrolyte and, obviously, the EC films. One of these issues is that the EC effect should be large for a small amount of ion and electron exchange. This property is governed by the coloration efficiency CE defined by [19] 
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Here ∆(OD) denotes the change in optical density under the exchange of a charge ∆Q per area unit. The CE is independent of the charge exchange as long as it is not large enough to produce "site saturation", which is a well known phenomenon at least in WO 3 -based films [20, 22] .
It has been known almost since the discovery of the EC phenomenon that mixed oxides can have modified optical properties and that absorption can extend fairly evenly over the luminous part of the spectrum. Detailed studies have been reported especially for the ternary system WO 3 -MoO 3 -V 2 O 5 [23, 24] ; this work was once of much interest for EC-based information displays.
Generally speaking there is a severe lack of systematic investigations of CEs in mixed EC oxides. However, we have recently initiated detailed studies on the EC properties of the binary system WO 3 -NiO, which goes from cathodic coloration (darkening under ion and electron insertion) at the WO 3 -rich end to anodic coloration (darkening under ion and electron extraction) for NiO-rich samples [25, 26] . Figure 4 shows recent data for films in the WO 3 -rich range. The addition of some Ni obviously yields a significant increase of the CE, while larger amounts of Ni do not have this advantageous effect. Roll-to-roll manufacturing of electrochromic foil devices. Low-cost manufacturing is an important issue that has not received due attention in the past, at least not in Academia. The effect has been that EC device technology is often regarded as "expensive". This needs not be the case, though, given appropriate materials and manufacturing strategies.
We have developed a technology with three essential steps: (i) roll-to-roll coating of plastic foil with a transparent electrically conducting film and a superimposed EC film of W oxide, (ii) roll-toroll coating of another plastic foil with a transparent electrically conducting film and a superimposed EC film of Ni oxide, followed by (iii) continuous lamination with an ion-conducting laminate joining the EC films [20, 27] . This manufacturing strategy has recently been demonstrated on a practical scale with thin film deposition onto ~1-km-long and 0.6-m-wide PET foils. Figure 5 shows some initial results of tests on a 240-cm 2 -size device prepared from such foils. Despite the highly preliminary nature of the experiment, there is clear evidence that a device with significant EC modulation can be made. The gradual drop in the CE-evident as a loss in the dark-state transmittance-is not an inherent property of the device design since analogous devices prepared by batch technology have demonstrated good cycling durability for tens of thousands of cycles [28] . 
Conclusions
This paper has summarized some recent advances on thermochromics and electrochromics. We first discussed thermochromic films and nanoparticle composites based on VO 2 . Computations appropriate for dilute suspensions of VO 2 nanoparticles in a dielectric host representative of glass or polymer demonstrated that this new nanomaterial would be able to combine high luminous transmittance and large modulation of solar transmittance. Even better results were predicted if the nanoparticles contain a band gap widening additive such as Mg. There are many known techniques for the manufacturing of VO 2 -based composites (for example to make VO 2 nanoparticles in glass [29, 30] ), and hence we believe that "nano-thermochromic" fenestration can become a viable option in the future.
In the second part of this paper we discussed recent advances in electrochromic device technology. Specifically we showed that an addition of Ni to electrochromic W oxide films produced a clear improvement in the coloration efficiency so that a prescribed optical modulation can be achieved for a thinner film. We also showed some initial results of electrochromic foil devices made by roll-to-roll coating and continuous lamination. This work takes a large step towards low-cost electrochromics for energy efficient and comfort enhancing "smart windows".
By bringing together the two chromogenic technologies discussed in this paper, it may be feasible to construct truly optimized fenestration. Such windows may combine several existing and forthcoming technologies as follows: (i) multiple panes, (ii) thermochromic nanoparticle composites in thermal contact with the inner pane so as to admit and reject infrared solar radiation according to indoor temperature, (iii) electrochromic foil used as lamination material for the outermost pane in order to admit and reject luminous and solar radiation according to user-and energy-based control strategies, (iv) low-emittance coating to bring down radiative heat transfer between the panes [6, 7, 31] , and (v) vacuum insulation to diminish the conductive and convective heat transfer [6, 32] .
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